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SoilReal-time polymerase chain reaction (qPCR) is the cornerstone of DNA analysis, enabling detection and
quantiﬁcation of minute nucleic acid amounts. However, PCR-based analysis is limited, in part, by the
presence of inhibitors in the samples. PCR inhibition has been viewed solely as failure to efﬁciently gen-
erate amplicons, that is, ampliﬁcation inhibition. Humic substances (HS) are well-known inhibitors of
PCR ampliﬁcation. Here we show that HS from environmental samples, speciﬁcally humic acid (HA),
are very potent detection inhibitors, that is, quench the ﬂuorescence signal of double-stranded DNA
(dsDNA) binding dyes. HA quenched the ﬂuorescence of the commonly used qPCR dyes EvaGreen,
ResoLight, SYBR Green I, and SYTO 82, generating lowered ampliﬁcation plots, although amplicon produc-
tion was unaffected. For EvaGreen, 500 ng of HA quenched nearly all ﬂuorescence, whereas 1000 ng of HA
completely inhibited ampliﬁcation when applying Immolase DNA polymerase with bovine serum albu-
min (BSA). Fluorescence spectroscopy measurements showed that HA quenching was either static or col-
lisional and indicated that HA bound directly to the dye. Fulvic acid did not act as a qPCR detection
inhibitor but inhibited ampliﬁcation similarly to HA. Hydrolysis probe ﬂuorescence was not quenched
by HA. Detection inhibition is an overlooked phenomenon that needs to be considered to allow for devel-
opment of optimal qPCR assays.
 2015 The Authors. Published by Elsevier Inc. This is anopenaccess article under theCCBY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).Real-time polymerase chain reaction, also called quantitative
PCR (qPCR),1 has become the cornerstone of DNA analysis, enabling
detection of minute amounts of nucleic acids [1]. However, the full
potential of qPCR is still limited, in part, by the presence of qPCR
inhibitors in the samples [2]. These inhibitors may be divided into
two main groups depending on how they disturb the qPCR, namely,
ampliﬁcation inhibitors and detection inhibitors. Ampliﬁcation inhi-
bitors (i.e., conventional PCR inhibitors) act by directly affecting the
DNA polymerase, by changing the buffer composition, or by binding
to nucleic acids. Detection inhibitors have not previously beenreported in qPCR, but it is assumed that some molecules may quench
the ﬂuorescence signal from dyes or probes or may alter background
ﬂuorescence.
Environmental samples, including soils and aqueous sediment,
are known to contain PCR inhibitors [3,4], and in particular humic
substances (HS) have been implicated as the main cause for ampli-
ﬁcation failure [5]. Previous studies on the effects of HS on qPCR
have shown conﬂicting results, both in the amounts of HS tolerated
and in the presumed mechanisms of inhibition. Humic acid (HA)
has been found to directly disturb the DNA polymerase [6,7] and
to impair ampliﬁcation by binding to template DNA [8]. Studies
of HS in other scientiﬁc ﬁelds may add some insights into their
possible effects on PCR. For example, HA forms colloids in water
and complexes with iron and calcium ions [9], meaning that they
could affect the ion content in PCR, for example, by chelating mag-
nesium ions.
In general, HS are divided into three major fractions: fulvic acid
(FA), HA, and humin [10]. Humin is insoluble and, thus, will not
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in water at all pH levels. FA and HA are both dibasic weak acids
with carboxyl and hydroxyl groups, with a similar content of phe-
nol groups [11]. PCR inhibition is caused by water-soluble HS,
which are not efﬁciently removed by classical puriﬁcation princi-
ples such as phenol or column puriﬁcation. Therefore, more
advanced DNA puriﬁcation methods have been developed, such
as subjecting the extracts to high pressure applying pressure
cycling technology (PCT) [12] and synchronous coefﬁcient of drag
alteration (SCODA), where DNA is focused into a small area on a
gel through altering voltage [13]. However, extensive sample treat-
ment and DNA puriﬁcation inevitably lead to DNA loss, with recov-
ery rates of approximately 10 to 80% depending on the chosen
method [14].
Another approach is to enable ampliﬁcation by ﬁnding a DNA
polymerase–buffer system that tolerates a high level of impurities,
a concept called pre-PCR processing [2,15]. This lowers the need
for pure extracts, leading to simpliﬁed analysis processes and
improved detection limits. Here we applied pre-PCR processing
to systematically investigate the effects of HS on qPCR. A DNA
polymerase–buffer system with high resistance to HS was used
to ensure that relevant effects were studied. Different HS samples,
as well as standardized HA and FA preparations, were analyzed
using various ﬂuorescent DNA binding dyes and ﬂuorescent
hydrolysis probes. We used sediment from lakes as reference
material, mimicking the complex HS content appearing in the
water phase in DNA extraction of environmental samples. In addi-
tion, surface water, landﬁll soil, and plant soil were analyzed, giv-
ing a broad range of relevant HS-containing samples. Fluorescence
spectroscopy was used to pinpoint the inhibition mechanisms of
HS, for the ﬁrst time discriminating between ampliﬁcation inhibi-
tion and detection inhibition in qPCR.Materials and methods
PCR inhibitory samples
Sediment samples (sediment with water) were taken from six
Swedish forest lakes and pooled to ensure a representative content
of HS. The sediment HS were diluted in Super-Q water (Merck
Millipore, Billerica, MA, USA) and used as a model of the HS found
in DNA extracts when analyzing environmental samples. See
Table S1 in the online supplementary material for further descrip-
tion of the sediment HS. The HA standard (product no. 53680) was
obtained from Sigma–Aldrich (Taufkirchen, Germany), and the FA
standard (Suwannee River fulvic acid standard II) was purchased
from the International Humic Substances Society (IHSS). HA and
FA were dissolved in TE buffer (10 mM Tris and 0.1 mM ethylene-
diaminetetraacetic acid [EDTA], pH 8.0) (Medicago, Uppsala,
Sweden). Plant soil was purchased from a local Swedish supermar-
ket. Landﬁll soil was collected from a waste dump in Albäck,
Trelleborg, Sweden. The soils were mixed with TE buffer
(20% [w/w] for plant soil and 25% [w/w] for landﬁll soil) through
1 h of shaking at room temperature using a VIBRAX VXR basic sha-
ker at 1500 rpm (IKA, Staufen, Germany). Supernatants carrying
water-soluble HS were used in the qPCR experiments. Surface
water was taken from the same six Swedish lakes as the sediment
above and pooled. qPCR template DNA was extracted from human
blood from one male using Chelex-based (Bio-Rad, Hercules, CA,
USA) extraction [16] and subsequently quantiﬁed with a BioDrop
lLITE (BioDrop, Cambridge, UK). The resulting DNA extracts were
diluted to 1 ng/ll in Super Q water and stored in aliquots at
20 C. Amplicons for ﬂuorescence spectroscopy experiments
were prepared from Staphylococcus aureus enterotoxin D (SED)
according to Márta and coworkers [17]. The resulting PCR productwas puriﬁed using a QIAquick Gel Extraction Kit (Qiagen, Hilden,
Germany) followed by a GeneJet PCR Puriﬁcation Kit (Thermo
Scientiﬁc, Waltham, MA, USA). The amplicon DNA concentration
was subsequently measured with a BioDrop lLITE.
The following HA amounts were used in qPCR: 10, 20, 50, 100,
200, 300, 500, 600, 700, 800, 900, and 1000 ng (analyzed in tripli-
cates). The following FA amounts were used in qPCR: 500, 750,
1000, 1250, and 2000 ng (analyzed in duplicates). Sediment dilu-
tions corresponding to 0.02, 0.06, 0.10, 0.20, and 1 ll of sediment
were used in qPCR (analyzed in triplicates). Supernatants of plant
soil, landﬁll soil, and surface water were added to qPCR experi-
ments in different amounts (speciﬁed in Table S3 of the supple-
mentary material; analyses performed in triplicates).
qPCR analysis
All qPCR experiments were carried out on a LightCycler Nano
Instrument (Roche Diagnostics, Basel, Switzerland) with a reaction
volume of 20 ll. LightCycler Nano Software version 1.1 was used
for determination of quantiﬁcation cycle (Cq) values and amplicon
melting temperature (Tm). Unless otherwise speciﬁed, the follow-
ing reagents were included: 1 Immobuffer (Bioline Reagents,
London, UK), 0.2 mM deoxynucleoside triphosphate (dNTP, Roche
Diagnostics), MgCl2 (4 mM for hydrolysis probe and 2.5 mM for
double-stranded DNA [dsDNA] binding dye EvaGreen [EG], Roche
Diagnostics), 0.3 lM of each primer (RB1_80F and RB1_235R, Life
Technologies, New York, NY, USA) [18], 10 lg of bovine serum
albumin (BSA, Roche Diagnostics), 1 U of Immolase (Bioline
Reagents), and 2 ng of template DNA. For detection, either an EG
dye (Biotium, Hayward, CA, USA) or a 6FAM probe (RB1, Life
Technologies) [18] was used unless otherwise speciﬁed. The same
qPCR conditions were used for all tests with a heat-activating step
at 95 C for 15 min, followed by 55 cycles of 10 s at 95 C, 20 s at
60 C, and 30 s at 72 C. When a dye-based chemistry was used,
melt curve analysis was included to determine the speciﬁcity of
the formed product. Melt curve analysis was performed with
60 C as starting temperature and 0.1 C/s temperature increase
up to 97 C. Correct amplicon length (156 bp) was veriﬁed with
1% agarose gel electrophoresis stained with 1 GelRed (Biotium).
Gel bands were visualized using BioOne Quantity (Bio-Rad). For
dsDNA binding dye, end-point ﬂuorescence intensity for the anal-
yses containing inhibitors was normalized against the average
value of the positive controls. This normalized ﬂuorescence inten-
sity was used as a measure of detection inhibition. For the hydrol-
ysis probe analyses, Cq value shift was used as a measure of
ampliﬁcation inhibition. In the experiments with different dyes,
1 EG, 0.5 SYBR Green I (Life Technologies), 2 lM SYTO 82 (Life
Technologies), and 1 ResoLight (Roche Diagnostics) were used
in the qPCR experiments. In addition, 4 mM MgCl2 was used for
all dyes except EG, where 2.5 mM was used. Here duplicates were
analyzed.
Fluorescence spectroscopy measurements
CLARIOstar (BMG Labtech, Ortenberg, Germany) was used for
the ﬂuorescence spectroscopy measurements, applying 6.0 mM
focal height and a gain of 1800. Samples were analyzed in a total
volume of 50 ll in a Costar 96-well plate (Corning, New York,
NY, USA) and incubated 10 min before measuring at 37 C. The ﬂu-
orescence spectra were analyzed with excitation at 487 nm and
emission spectra from 510 to 700 nm. Spectra for analyses contain-
ing HA and FA are presented with ﬂuorescence intensities normal-
ized against the values of the positive controls containing Super Q
water. The reactions contained 1 PCR Buffer (15 mM MgCl2,
Roche Diagnostics), 1 EG, and 5 ng of SED amplicons. The follow-
ing HA amounts were applied in ﬂuorescence spectroscopy: 10, 20,
Fig.1. Inhibition effect of sediment HS on EG dye qPCR. (A) Ampliﬁcation plots for
the addition of different amounts of sediment HS, applying 2 ng of human DNA in
all analyses: positive control (PC) with 0 ll of sediment HS (ﬁlled circles), 0.02 ll of
sediment HS (ﬁlled squares), 0.06 ll (ﬁlled triangles), 0.10 ll (open diamonds),
0.20 ll (open circles), and 1.00 ll (open triangles). Here 0.20 ll of sediment HS
shows nearly total inhibition, and 1.00 ll gives total inhibition (i.e., no ampliﬁcation
plot is visible). (B) Agarose gel electrophoresis results for the qPCR products in panel
A. Up to 1.00 ll of sediment HS gave amplicon amounts in the same range as
samples without HS (PC). For PC 1:2, half of the PCR product volume was taken,
clearly showing the weakest amplicon band on the gel picture. Thus, the inhibitory
effect of sediment HS seen in panel A is related to detection of amplicons (i.e.,
ﬂuorescence quenching).
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ing FA amounts were applied: 300, 500, 1000, and 2000 ng (ana-
lyzed in triplicates).
Results
Humic substance-tolerant DNA polymerases
Initially, we applied pre-PCR processing to ﬁnd a DNA poly-
merase–buffer system with high tolerance to HS. Sixteen DNA
polymerase–buffer systems were screened in hydrolysis probe
qPCR for tolerance against different amounts of standardized aque-
ous sediment samples (see Tables S1 and S2 in supplementary
material). The tested DNA polymerases showed a wide range of
qPCR performance, some being completely inhibited by 0.025 ll
of HS (data not shown) and one tolerating 3 ll of HS (Table S2).
The addition of BSA improved the performance of most DNA poly-
merase–buffer systems. Among the top four, Immolase DNA poly-
merase with BSA was found to be the most robust alternative.
Thus, Immolase with 10 lg of BSA was chosen for characterization
of qPCR inhibition mechanisms.
qPCR inhibition caused by humic substances
Applying the dsDNA binding dye EG, the addition of sediment
HS led to lowered qPCR ﬂuorescence signals (Fig. 1A). The addition
of 0.02 ll of HS lowered the normalized end-point ﬂuorescence
intensity to approximately 0.6 compared with positive controls
without HS. When 1 ll of HS was added, there was no visible ﬂu-
orescence signal. This would normally be interpreted as complete
inhibition of ampliﬁcation (i.e., that no PCR product was formed).
However, when running the qPCR products on agarose gel elec-
trophoresis, clear bands with similar intensities were seen for 0
to 1 ll of HS (Fig. 1B). Seemingly, the inhibition seen in EG qPCR
was due to quenching of ﬂuorescence rather than to inhibition of
ampliﬁcation. Comparing EG results with hydrolysis probe qPCR
runs veriﬁed this notion given that the probe run Cq values were
unaffected by 1 ll of sediment HS (Cq of 29.18 ± 0.04 without HS
and Cq of 29.16 ± 0.07 for 1 ll of HS). The 6FAM dye used in the
probe system has similar excitation/emission spectra as EG but
was not affected by ﬂuorescence quenching. Landﬁll soil, plant soil,
and surface water were also applied in qPCR (Table S3). Both soil
types quenched EG ﬂuorescence. For landﬁll soil, 1 ll gave nearly
complete detection inhibition with a normalized end-point ﬂuo-
rescence intensity of 0.02. For plant soil, the effect was less dra-
matic; the addition of 8 ll resulted in normalized end-point
ﬂuorescence intensity of 0.54. For the soils, veriﬁcation with gel
electrophoresis showed that amplicon production was unaffected
(data not shown). Surface water did not show any ﬂuorescence
inhibition. Subsequently, HA and FA standards were applied sepa-
rately to investigate their respective roles in ampliﬁcation inhibi-
tion and detection inhibition.
Detection inhibition caused by humic acid
Different amounts of HA standard were added to EG qPCR,
quenching ﬂuorescence in a fashion similar to the sediment HS
(Fig. 2A). The addition of 50 ng of HA gave a quenching effect com-
parable to 0.02 ll of HS (normalized end-point ﬂuorescence of 0.6).
The addition of 500 ng of HA gave a nearly ﬂat ampliﬁcation plot.
However, as in the case of HS, gel electrophoresis veriﬁed that
the amounts of generated amplicons were the same for 0 to
500 ng of HA (data not shown). In hydrolysis probe qPCR, no
quenching was observed and up to 600 ng of HA had no effect on
the Cq values (Fig. 2B). For FA, no ﬂuorescence quenching was
noted in EG qPCR (Fig. 3).Ampliﬁcation inhibition caused by humic acid and fulvic acid
In hydrolysis probe experiments, 1000 ng of HA caused nearly
complete ampliﬁcation inhibition (mean Cq of 48.5 ± 7.5)
(Fig. 2B). EG qPCRs with at least 750 ng of FA showed impaired
ampliﬁcation, that is, elevated Cq values. When comparing qPCR
data with gel electrophoresis results, the level of end-point ﬂuores-
cence reﬂected the intensity of the gel bands; with 1500 ng of FA in
the reactions, there was nearly no ﬂuorescence signal (Fig. 3A) and
nearly no visible amplicons on the gel (Fig. 3B). Contrary to HA, FA
gave a similar negative effect on EG dye and hydrolysis probe qPCR,
causing ampliﬁcation inhibition leading to increased Cq values
(Fig. 4).
To investigate the mechanisms of ampliﬁcation inhibition, three
DNA polymerases were evaluated using hydrolysis probe qPCR.
BSA (10 lg) was used as facilitator in all runs. For all DNA poly-
merases (i.e., Ex Taq Hot Start, Immolase, and Tempase), more HA
could be tolerated by doubling the amount of enzyme (see
Table S4 in supplementary material). For example, adding 2 U
instead of 1 U rescued ampliﬁcation for Ex Taq Hot Start and
Tempase with 500 ng of HA, although still generating partial inhi-
bition. Immolase tolerated more HA than Ex Taq Hot Start and
Tempase; the latter two were completely inhibited by 500 ng of
HA (1 U of DNA polymerase), whereas Immolase was unaffected
by 500 ng and only partially inhibited by 1000 ng (Table S4).
Immolase (1 U) performed better than 2 U of the other two DNA
polymerases for all HA amounts tested. Adding more MgCl2
(6 mM instead of 4 mM) or more DNA (20 ng instead of 2 ng) to
HA and FA qPCR hydrolysis probe runs did not counteract the inhi-
bitory effect (data not shown).
The inhibitor-relieving properties of BSA were investigated by
adding various amounts of the protein to hydrolysis probe runs
Fig.2. Inhibition of qPCR detection and ampliﬁcation by HA standard. (A)
Ampliﬁcation plots for the addition of different amounts of HA to EG dye qPCR,
applying 2 ng of human DNA in all analyses: positive control (PC) with 0 ng of HA
(ﬁlled circles), 10 ng (ﬁlled squares), 50 ng (ﬁlled triangles), 100 ng (open dia-
monds), 200 ng (open circles), and 500 ng (open triangles). (B) Normalized end-
point ﬂuorescence intensities using EG dye detection (circles) and Cq values for
hydrolysis probe detection (squares) are shown, with different amounts of HA
standard. Probe ﬂuorescence is not quenched by HA, meaning that probe Cq shifts
signify ampliﬁcation inhibition. The lowered normalized end-point ﬂuorescence
with EG is a detection inhibition effect.
Fig.3. Inhibition of qPCR ampliﬁcation by FA standard. (A) Ampliﬁcation plots for
the addition of different amounts of FA to EG dye qPCR, applying 2 ng of human
DNA in all analyses: positive control (PC) with 0 ng FA (ﬁlled circles), 500 ng (ﬁlled
squares), 750 ng (ﬁlled triangles), 1000 ng (open diamonds), 1250 ng (open circles),
and 1500 ng (open triangles). (B) Agarose gel electrophoresis results for the qPCR
products in panel A. Gel band intensity conforms with ampliﬁcation plot ﬂuores-
cence intensity (i.e., FA causes ampliﬁcation inhibition), not detection inhibition.
Fig.4. Similar effect of FA on EG dye and hydrolysis probe detection qPCR.
Normalized end-point ﬂuorescence intensities using EG dye detection (circles)
and Cq values for hydrolysis probe detection (squares) are shown, with different
amounts of FA standard. No detection inhibition was seen; EG dye and probe
detection showed similar ampliﬁcation inhibitory effects.
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inhibited by 100 ng of HA, but with 10 lg of BSA up to 500 ng of HA
had no negative effect (see Table S5 in supplementary material).
The tolerance to HA improved with increasing amounts of BSA,
from 0.25 to 20 lg. For 20 lg of BSA, the ampliﬁcation baseline
was slightly skewed in some cases, possibly causing problems
when analyzing qPCR data and indicating that high BSA amounts
should be used with caution. When evaluating various PCR
facilitators in the presence of HS—including proteins, biologically
compatible solutes, and non-ionic detergents—the osmoprotectant
trehalose and the protein gp32 gave promising results, although
not as good as BSA (data not shown). For example, 0.2 M trehalose
relieved some of the ampliﬁcation inhibition by HS, but not as efﬁ-
ciently as 2 lg of BSA (data not shown). Mixing BSA, Trehalose, and
gp32 in different combinations did not improve results compared
with BSA alone.Fluorescence quenching mechanisms
To investigate the generality of the ﬂuorescence inhibition
phenomenon, other dsDNA binding dyes were assessed in qPCR
experiments (Table 1). The degree of quenching differed to some
extent among the dyes, with the greatest effect on EG and
ResoLight, where the normalized end-point ﬂuorescence inten-
sity was less than 0.1 for 500 ng of HA. SYBR Green I and
SYTO 82 showed normalized ﬂuorescence intensities of approxi-
mately 0.3 to 0.4 for 500 ng of HA. Notably, the addition of HA
slightly lowered the Tm of the amplicons for all dyes except for
SYTO 82. For EG, ResoLight, and SYBR Green I, 500 ng of HA low-
ered the Tm by approximately 0.6 to 1 C. For SYTO 82, the Tm
was unaffected by HA. Gel electrophoresis veriﬁed that the cor-
rect amplicon was formed irrespective of dye type (data not
shown).
Fluorescence spectroscopy was used to investigate the mecha-
nisms of HA-induced quenching (Fig. 5). The addition of HA low-
ered the ﬂuorescence intensity for free EG dye and EG bound to
dsDNA. For both free and bound dye, 50 ng of HA lowered the nor-
malized ﬂuorescence to approximately 0.6 compared with positive
controls, and 100 ng of HA lowered the normalized ﬂuorescence to
approximately 0.3. HA did not affect the emission spectra of the
EG–DNA complex (see Fig. S1 in supplementary material), with
EG showing maximum ﬂuorescence at 525 nm (excita-
tion = 487 nm) in both free and bound form and in the presence
and absence of HA. Free dye and dye bound to dsDNA have similar
emission spectra, although the amplitude of ﬂuorescence increased
Table 1
Comparison of four qPCR dyes in terms of HA quenching effect.
Dye Measurement Humic acid (ng)
0 20 100 300 500
EvaGreen Relative intensity 1.00 0.67;0.85 0.47;0.48 0.15;0.19 0.03;0.03
Tm 81.89;81.85 81.58;81.62 81.18;81.23 81.16;81.14 81.03;80.99
ResoLight Relative intensity 1.00 0.79;0.77 0.38;0.55 0.10;0.12 0.06;0.06
Tm 82.76;82.73 82.69;82.67 82.42;82.50 82.18;82.15 82.09;82.09
SYBR Green I Relative intensity 1.00 1.16;1.02 0.81;0.89 0.58;0.46 0.34;0.37
Tm 83.31;83.07 83.23;83.22 82.85;82.86 82.46;82.46 82.23;82.19
SYTO 82 Relative intensity 1.00 1.05;0.99 0.58;1.00 0.40;0.44 0.36;0.42
Tm 81.97;81.95 81.96;81.92 81.88;81.84 81.95;81.97 81.90;81.93
Note. End-point ﬂuorescence intensities, normalized to reactions without HA and amplicon melting temperatures (Tm) are shown for different HA amounts. All dyes show the
HA quenching effect, with EvaGreen and ResoLight being more affected than SYBR Green I and SYTO 82. Tm is slightly lowered by HA for all dyes except SYTO 82, where Tm
shows no HA effect. Data obtained from two experiments unless indicated otherwise.
Fig.5. HA quenching effect on free and dsDNA-bound EG dye. (A) Fluorescence emission spectra for free EG with different amounts of HA: 0 ng of HA (black), 50 ng (pink), and
100 ng (orange). Fluorescence values are normalized to the ﬂuorescence intensity of analyses without HA. (B) Fluorescence emission spectra for EG bound to dsDNA (5-ng
amplicons), with different amounts of HA: 0 ng of HA (black), 10 ng (green), 20 ng (blue), 50 ng (pink), 100 ng (orange), 200 ng (brown), 300 ng (gray), and 500 ng (red).
Fluorescence values are normalized to the ﬂuorescence intensity of analyses without HA. HA quenches ﬂuorescence in a similar fashion for both EG dye without DNA and with
DNA. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the Web version of this article.)
Fig.6. FA quenching effect on free and bound EG dye. (A) Fluorescence emission spectra for free EG with different amounts of FA: 0 ng of FA (black), 300 ng (gray), and 2000 ng
(turquoise). Fluorescence values are normalized to the ﬂuorescence intensity of analyses without FA. (B) Fluorescence emission spectra for EG bound to dsDNA (5-ng
amplicons), with different amounts of FA: 0 ng of FA (black), 300 ng (gray), 500 ng (red), 1000 ng (purple), and 2000 ng (turquoise). Fluorescence values are normalized to the
ﬂuorescence intensity of analyses without FA. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the Web version of this article.)
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ﬂuorescence with and without dsDNA present (Fig. 6). However,
the amount of FA needed to lower the normalized ﬂuorescence
to below 0.5 was at least 1000 ng, whereas less than 100 ng ofHA had the same quenching effect. In qPCR (Figs. 3 and 4), FA
showed no ﬂuorescence inhibition effect. This is due to the fact
that the amounts of FA needed to quench the ﬂuorescence also
inhibit ampliﬁcation, masking any FA quenching effect.
R² = 0.9911
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Fig.7. Stern–Volmer plot for HA quenching. Fluorescence intensity of EG bound to dsDNA without the quencher (F0) divided by the ﬂuorescence intensity with the quencher
(F) is plotted against the concentration of the quencher (HA). Displayed is the R2 of the best ﬁt of linear regression (0.9911).
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mechanism when HA acts as quencher of EG (Fig. 7). The linear
relationship between the ratios of the ﬂuorescence intensity with-
out quencher (F0) and the ﬂuorescence intensity with quencher (F),
against the concentration of the quencher, indicates that static
quenching or collisional quenching is the major mechanism.
Static quenching occurs when the quencher forms a ground state
complex with the ﬂuorophore in its unexcited state, and collisional
quenching occurs when the quencher encounters the ﬂuorophore
in its excited state [19].Discussion
HS in general, and HA in particular, are known to disturb
PCR-based nucleic acid analysis [3,4]. This has previously been
viewed solely as an issue of ampliﬁcation inhibition, that is, failure
to efﬁciently generate amplicons [6,7]. However, by using an HS
tolerant DNA polymerase, we have shown that HA from sediment
and soil can also act as detection inhibitors in qPCR, that is, quench
the ﬂuorescence signal of dsDNA binding dyes.
HA, but not FA, causes ﬂuorescence inhibition in qPCR. FA also
quenches EG ﬂuorescence, but to a much lower extent than HA.
Free EG dye and DNA-bound EG were similarly quenched by HA,
indicating that there is a direct interaction between HA and the
dye. If HA instead bound to DNA, hindering EG binding, a speciﬁc
negative effect on DNA-bound EG would be expected. The linear
relation in our Stern–Volmer plot (Fig. 7) pointed toward static
or collisional quenching, of which static quenching ﬁts better with
HA’s similar effect on free and bound EG. Thus, we hypothesize
that HA binds to the dye, forming a ground state complex and/or
hindering the dye from binding to DNA. We did not correct our
data for a possible inner ﬁlter effect because we see no absorbance
of HA at approximately 500 nm but instead see a strong peak at
320 nm (data not shown), meaning that the absorption spectra of
ﬂuorophore and quencher do not overlap. This is consistent with
previous ﬁndings concerning HA ﬂuorescence spectra [20].
Although this is the ﬁrst report of ﬂuorescence quenching leading
to detection inhibition in qPCR, HS have previously been shown to
negatively affect ﬂuorometric DNA quantiﬁcation using the DNA
binding dyes PicoGreen [21] and SYBR Green I [22]. In the latterstudy, SYBR Green I was found to generate both collisional and sta-
tic quenching.
We observed ﬂuorescence quenching for four of the most com-
monly used qPCR dyes. We also noted differences between dyes,
with EG and ResoLight seeming to be relatively more quenched
than SYBR Green I and SYTO 82. Considering that 1 EG has a con-
centration of 1.33 lM and 0.5 SYBR Green I equals 0.34 lM [23],
and that we used 2 lM SYTO 82 (ResoLight has an unknown con-
centration), there is no correlation between the effect and the
dye concentration. The differences between dyes could be caused
by their different structures and afﬁnities for HA, for example,
based on ionic charge. Cyanine dyes generally have positive
charges, and HA is negatively charged in qPCR (pH 8.3). SYBR
Green I is a positively charged unsymmetrical cyanine dye [24].
EG is likely a positively charged symmetrical cyanine dye [25],
although the exact structure is a trade secret.
Increasing the amount of DNA polymerase is a way of overcom-
ing HA ampliﬁcation inhibition (Table S4) [7]. HA ampliﬁcation
inhibition effects also differ among different types of DNA poly-
merases (Table S4). Ex Taq Hot Start and Tempase are derived from
Thermus aquaticus (Taq), whereas Immolase is isolated from a novel
unspeciﬁed organism. Taq-derived DNA polymerases have previ-
ously been found to be more susceptible to inhibition by, for exam-
ple, blood and bone than DNA polymerases derived from other
organisms such as Thermus thermophilus (Tth) [26]. HA is a chelat-
ing agent [9], and binds DNA under certain circumstances [27].
However, because neither increased Mg2+ amounts nor increased
DNA amounts could relieve ampliﬁcation inhibition, neither of
these properties is a likely reason for qPCR ampliﬁcation inhibition.
We conclude that HA-induced ampliﬁcation inhibition is caused by
a direct effect on the DNA polymerase rather than on Mg2+ ions or
template DNA.
Other than choosing a robust DNA polymerase, inhibitor toler-
ance can be improved by adding ampliﬁcation facilitators. A com-
prehensive list of facilitators that have been shown to counteract
inhibition can be found in Hedman and coworkers [2]. BSA is a
large protein active in the bloodstream with a good binding capac-
ity for known PCR inhibitors such as bilirubin and fatty acids [28]
(accession no. P02769). BSA has previously been shown to relieve
inhibition from HA and FA in PCR [5,6]. We have shown that BSA
has a great impact on ampliﬁcation inhibition caused by HA, likely
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Even the most robust DNA polymerase in our screening, Immolase,
performs poorly without BSA. However, we see no effect of BSA on
HA-induced ﬂuorescence quenching. The same EG ﬂuorescence
inhibition was seen with 2 and 10 lg of BSA (data not shown).
BSA has a net charge of approximately 8.4 at pH 6.8 and 17.2
at pH 10.5 [29]. The cyanine dyes generally have positive
charges in qPCR, and HA is negatively charged, possibly explaining
why HA–dye interactions may be preferred over HA–BSA
interactions.
Environmental samples contain complex mixtures of HS, and
the content of HA and FA differs between different soils and
waters. Because FA is more soluble in water than HA [10],
we would expect our surface water samples to contain more
FA and the soil samples to contain more HA. The soil and sed-
iment samples were brownish, like HA, and the surface water
was yellow, like FA. Sediment HS and soil caused signiﬁcant
quenching of qPCR ﬂuorescence, whereas surface water did
not (Table S3), ﬁtting with the assumption that the former con-
tain predominately HA and the latter contain predominately FA.
FA and HA are heterogeneous substances with structural simi-
larities given that they are both ‘‘quilts’’ of aromatic groups
with hydroxyl and carboxyl groups attached [10].
Furthermore, there are differences that may explain why HA
molecules are stronger quenchers than FA. HA contains more
carbon than FA, in particular aromatic carbon. In addition, HA
molecules are generally larger, with molecular weights up to
approximately 100,000 Da compared with 1000 to 10,000 Da
for FA [9]. Thus, it is likely the amount of aromatic groups
and/or the greater molecule size that make HA the better ﬂuo-
rescence quencher. FA and HA cause ampliﬁcation inhibition at
similar levels, with HA being somewhat more potent when
applying Immolase with 10 lg of BSA (1000 ng of HA gives
an effect similar to 2000 ng of FA; Figs. 2B and 4). FA and
HA have similar amounts of phenol groups, indicating that phe-
nol is the likely cause for ampliﬁcation inhibition directly
affecting the DNA polymerase [6].
By determining that HS cause ﬂuorescence quenching as well as
ampliﬁcation inhibition, it is possible to overcome qPCR inhibition
by using different strategies. For example, because the ﬂuorescence
quenching problem affects dsDNA binding dyes but not the hydrol-
ysis probe, applying a probe-based system is a way of overcoming
detection inhibition. Furthermore, by using a DNA polymerase–
buffer system, including ampliﬁcation facilitators such as BSA
and even a DNA polymerase blend [30], a system that tolerates a
high amount of HS can be developed. We emphasize that there is
also the possibility to use different puriﬁcation strategies to
remove HS from the DNA extracts, but common for all of these
strategies is that they result in a signiﬁcant DNA loss. Therefore,
it is beneﬁcial to design a PCR that can tolerate some HS and
thereby avoid the extra work and loss of target nucleic acids asso-
ciated with sophisticated DNA puriﬁcation methods.Acknowledgments
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